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Abstract 

The DNA-dependent protein kinase (DNA-PK) may function as a key signaling kinase in various cellular pathways other than 
DNA repair. Using a two-dimensional gel electrophoresis approach and stable DNA double-strand break-mimicking 
molecules (Dbait32Hc) to activate DNA-PK in the nucleus and cytoplasm, we identified 26 proteins that were highly 
phosphorylated following DNA-PK activation. Most of these proteins are involved in protein stability and degradation, cell 
signaling and the cytoskeleton. We investigated the relationship between DNA-PK and the cytoskeleton and found that the 
intermediate filament (IF) vimentin was a target of DNA-PK in vitro and in cells. Vimentin was phosphorylated at Ser459, by 
DNA-PK, in cells transfected with Dbait32Hc. We produced specific antibodies and showed that Ser459-P-vimentin was 
mostly located at cell protrusions. In migratory cells, the vimentin phosphorylation induced by Dbait32Hc was associated 
with a lower cellular adhesion and migration capacity. Thus, this approach led to the identification of downstream 
cytoplasmic targets of DNA-PK and revealed a connection between DNA damage signaling and the cytoskeleton. 
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Introduction 

The genomes of all organisms are constantly being damaged by 
exogenous and endogenous agents. This has led to the evolution of 
a complex DNA damage signaling network that triggers DNA 
repair, cell cycle arrest or cell death in response to genotoxic 
treatments. DNA double-strand breaks (DSBs) are generally 
considered to be among the most toxic and mutagenic DNA 
lesions occurring in human cells. The response of mammalian cells 
to DSBs involves activation of the phosphatidylinositol-3 kinase- 
related kinases (PIKK) ataxia telangiectasia mutated (ATM), 
ataxia telangiectasia and Rad3-related (ATR), human SMG1 
(hSMG) and DNA-dependent protein kinase (DNA-PK) [1]. 
ATM- and ATR-dependent signaling is mostly associated with 
DNA damage-induced cell cycle arrest and/ or apoptosis. ATM 
can be activated by resected DSBs, in a complex with MRN and 
single-stranded DNA (ssDNA) [2] or directly, by reactive oxygen 
species [3]. ATR is mosdy activated by the ssDNA ends of 
processed DSBs or collapsed replication forks [4]. The precise role 
of DNA-PK in damage signaling remains a matter of debate. 
DNA-PK, which comprises the DNA end-binding factor Ku, and 
the large catalytic subunit (DNA-PKcs), is activated when bound 
to double-stranded DNA and mediates efficient DSB repair 



through non homologous end joining (NHEJ) [5]. However, recent 
data have suggested that DNA-PK may play a much more 
important role in cellular signaling pathways than previously 
thought [6] . DNA-PK has been implicated in various nuclear and 
cytoplasmic signaling pathways, including EGFR signaling [7,8] 
and NFkB signaling [9,10], mRNA metabolism [1 1-13] and UV- 
induced metabolic gene activation [14] .ATM, ATR and DNA-PK 
have similar substrate specificities in vitro (SQ/TQ), and partially 
overlapping substrate specificities in vivo. Recent studies have 
identified several hundred proteins containing the PIKK phos- 
phorylation motif, the phosphorylation of which is induced in 
response to ionizing radiation (IR) [15,16]. However, it is difficult 
to estimate the contribution of individual PIKKs, as IR induces 
various types of DNA lesion and also damages other cell 
components, leading to the activation of many signaling kinases 
[17]. We previously showed that 32 base pair (bp) short stabilized 
double-stranded DNA molecules (Dbait32Hc), which mimic 
DSBs, induce a specific DNA damage response in cells, with no 
chromosomal damage [18]. In the course of this response, which is 
dependent only on DNA-PK kinase activity, the DNA-PK targets 
become strongly and persistendy phosphorylated, in both the 
nucleus and the cytoplasm [19]. Cell viability is not compromised 
as there is no chromatin damage. Dbait32Hc treatment is 
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sensitizing tumors to radiotherapy and is currendy under clinical 
investigation for local metastatic melanoma treatment (clinical- 
trials. gov/ show/NCTO 1469455). Therefore, it is particularly 
important to identify phosphorylated targets of DNA-PK after 
Dbait32Hc treatment as eventual activity biomarkers. 

With the aim of identifying new downstream targets of DNA- 
PK, we used Dbait32Hc to investigate the impact of DNA-PK 
activation on the phosphoproteome, in a two-dimensional gel 
electrophoresis (2DE)-based approach. We observed an increase in 
the phosphorylation of proteins involved in cell signaling, protein 
stability and degradation and several proteins involved in the 
cytoskeleton. To our best knowledge a relationship between DNA- 
PK signaling and the cytoskeleton has never been described. We 
confirmed our observation by demonstrating the phosphorylation 
of the Ser459 residue of the intermediate filament (IF) vimentin by 
DNA-PK activity introduced in cells. These results show that a 
link exists between DNA damage signaling and the cytoskeleton. 

Materials and Methods 

Cell culture, irradiation, Dbait32Hc molecules, siRNA and 
transfection 

Studies of cells in culture were performed with SV40- 
transformed MRC-5 (human fibroblasts, ATCG: CCL-171), 
ATM-defective AT5BI (human fibroblasts [20]), MCF-7 (human 
breast adenocarcinoma, ATCC: HTB-22), HCT116 (human 
colorectal carcinoma, ATCC: CCL-247), HeLa (human cervix 
adenocarcinoma, ATCC: CCL-2), M059K and DNA-PK-defec- 
tive M059J (human glioblastoma, [21]) cells. Cells were grown at 
37°C, as monolayers, in complete DMEM (Gibco, Cergy Pontoise, 
France) supplemented with 10% fetal calf serum (FCS), 110 mg/1 
sodium pyruvate and antibiotics (100 |J.g/ml streptomycin and 
100 ug/ml penicillin) under conditions of 1 00 % humidity, in an 
atmosphere of 95% air/5% CO z . SK-28 (human melanoma [22]) 
cells were grown in RPMI 1640 supplemented with 10% FCS and 
antibiotics. Cells were irradiated with the 137 Cs unit of IBL-637 
(ORIS, France) at room temperature (RT). Dbait32Hc molecules 
were produced by Eurogentec, as previously described [23]. The 
sequence of Dbait32Hc is 5'-GCTGTGCCCACAACCCAG- 
CAAACAAGCCTAGA-(H)-TCTAGGCTTGTTTGCTGGGT- 
TGTGGGCACAGC-3' where H is a hexaethylene glycol linker. 
Cells were transfected with Dbait molecules in the presence of 
linear 1 1 kDa polyethyleneimine (PEI) (Polyplus-Transfection, 
Illkirch, France), according to the manufacturer's instructions. 
Unless otherwise indicated, cells were transfected at 80% 
confluence, with 2 \lg Dbait in 1.3 ml of culture medium without 
FCS (in 60 mm diameter plates) for 5 h. They were then left to 
recover for 1 h in medium supplemented with FCS. KU-55933 
was purchased from Selleck Chemicals (Houston, TX, USA), and 
NU7026 and wortmannin were obtained from Sigma Aldrich (St. 
Louis, MO, USA). SiRNA specific for MOS (sc-39112, Santa 
Cruz Biotechnology, Inc. Germany) and control siRNA (ON- 
TARGETplus Non-targeting pool, Dharmacon) were then used to 
transfect the cells in the presence of DharmaFECT (Dharmacon), 
according to the manufacturer's instructions. 

2D gel electrophoresis 

For 2DE, cells were treated with trypsin and washed 3 times 
with 250 mM sucrose in 10 mM Tris-HCl (pH 7.4). The pellets 
were resuspended in ~80 |J,1/10 6 cells 2D lysis buffer (7 M urea, 
2 M thiourea, 0.5% 3/10 ampholytes (Bio-Rad, Marnes-la- 
Coquette, France), 4% (w/v) 3-(3-chloramidopropyl) dimethylam- 
monio- 1 -propanesulfonate (CHAPS), 20 mM DTT), sonicated for 
20 s on ice and incubated for 1 h at room temperature, with 



mixing by inversion. We added acrylamide to a final concentration 
of 60 mM acrylamide and the samples were incubated for 1 h at 
room temperature. Protein concentration was determined with the 
Bio-Rad Bradford protein assay and samples were stored at -80°C. 
Isoelectric focusing (IEF) was performed on 7 cm pH 3.0—10.0 (for 
analytical gels) or 24 cm pH 4.5-5.5 (for preparative gels) 
Immobiline DryStrips (GE Healthcare, Orsay, France). Before 
application, samples were diluted with 2D lysis buffer, with the 
concentration of the appropriate (3/10 or 4/7) ampholytes 
adjusted to 0.5% and trace amounts of bromophenol blue were 
added. We loaded 50 ug of sample for analytical gels and 300 to 
350 ug for preparative gels, by passive rehydration. After IEF in a 
PROTEAN IEF CeU (Bio-Rad) for -52,900 Vh, the strips were 
allowed to equilibrate for 2x15 min with 100 mM Tris-HCl, 
pH 6.5, in 6 M urea, 30% glycerol and 2% SDS. DTT (1%) was 
included in the buffer for the first equilibration step and 
iodoacetamide (1%) was included in that for the second 
equilibration step, to reduce and alkylate free thiols. For the 
second dimension, 2D precast NuPAGE Bis-Tris 4—12% gradient 
minigels (Invitrogen, Cergy-Pontoise, France) were used for 
analytical electrophoresis and 1 mmx20 cmx24 cm 10—15% 
linear acrylamide gradient SDS gels were used for preparative 
electrophoresis. The IEF strips were placed on top of the gels and 
covered with 0.5% low-melting point agarose (containing 
methylcyanate as a blue stain) in SDS-PAGE running buffer. 
Preparative gels were run at ~25 W per gel for ~4 h or at ~ 1 W 
per gel overnight, in the water-cooled Ettan DALTsix Large 
Vertical System (GE Healthcare). Gels were then fixed and stained 
with ProQ Diamond (Invitrogen), Sypro Ruby (Invitrogen) and 
SimplyBlue SafeStain (Invitrogen), according to the manufactur- 
er's instructions, and scanned after each staining step with a 
Typhoon Trio scanner (GE Healthcare), with the appropriate 
settings for each fluorophore. Further image analysis and 
quantification were performed with ImageMaster (GE Healthcare) 
or Melanie Viewer (Swiss Institute of Bioinformatics, Geneva, 
Switzerland) software. 

Trypsin digestion and mass spectrometry 

In-gel digestion was performed as previously described [24,25]. 
Briefly, excised gel slices were washed and the proteins they 
contained were reduced by adding DTT (Sigma Aldrich), before 
alkylation with iodoacetamide (Sigma Aldrich). The gel pieces 
were washed and shrunk by incubation with 100% acetonitrile. 
We then added trypsin (Sequencing Grade Modified, Roche 
Diagnostics) and incubated the gel slices overnight, for protein 
digestion. For phosphopeptide analysis, probes were directiy used 
for nanoLC-MS/MS. The sample was first separated on a C18 
reverse-phase column (75 um i.d. x 15 cm, packed with C18 
PepMap™, 3 urn, 100 A; LC Packings), with a linear acetonitrile 
gradient (UltiMate 3000 system; Dionex), and MS and MS/MS 
spectra were then recorded on an LTQ_ Orbitrap XL™ mass 
spectrometer (Thermo Fisher Scientific, Villebon sur Yvette, 
France). The mass spectrometer was set to acquire a single MS 
scan followed by up to five data-dependent scans and, if a neutral 
loss of 98 Da from the precursor ion was observed in the CID 
mass spectrum, an MS3 scan of the neutral loss ion was also 
carried out (simultaneous fragmentation of neutral loss product 
and precursor, dynamic exclusion repeat count of 1, repeat 
duration of 30 seconds, exclusion duration of 180 seconds and 
lock-mass option enabled). The resulting spectra were then 
analyzed with Mascot™ and SEQUEST® Software (Matrix 
Science and Thermo Fisher Scientific), created with Proteome 
Discoverer (version: 1.2.0.92, Thermo Fisher Scientific), using the 
NCBInr Homo sapiens (human 2011 05 03, 236201 sequences) 
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protein database. All phosphorylated peptides with unphosphory- 
lated counterparts were validated by hand. 

In vitro phosphorylation and autoradiography 

Vimentin protofilaments and filament complexes were recon- 
stituted from purified vimentin (ab73843-10, Abeam, Cambridge, 
MA, USA) by stepwise drop dialysis (with "V" Series Membranes 
(0.025 um pores, Millipore, Billerica, MA, USA)) of a 1 |J,g/|Jl 
vimentin solution in 9.5 M urea to 4 M urea (4 M urea, 30 mM 
Tris-HCl pH 7.4, 10 mM ammonium chloride, 2 mM EDTA, 
2 mM DTT) then to physiological salt concentration (50 mM 
NaCl, 2 mM DTT, 10 mM Tris-HCl, pH 7.4) and finally to a 
DNA-PK activation buffer (20 mM KC1, 0.2 mM DTT, 10 mM 
HEPES/KOH pH 7.5, 2 mM MgCl 2 , 0.04 mM EGTA, 
0.02 mM EDTA/KOH pH 7.5). Purified microtubules from 
mouse brain were kindly provided by Carsten Janke (Institut 
Curie, Orsay, France). The local Animal Experimentation Ethics 
Committee (Comite Ethique en Experimentation Animale de 
l'lnstitut Curie, CEEA-IC, national registration number: #59) 
approved all animal experiments. We incubated 0-3.5 |J,g 
vimentin or 0-10 ug microtubules with 200 U purified DNA-PK 
(Promega, Lyons, France), 0.1 mM ATP, 0.001 mM (y- 32 P)ATP 
(10 mCi/ml, Perkin Elmer, Courtaboeuf, France), 10 ug/ml 
bovine serum albumin (BSA) and 0.1 |Xg/|J,l Dbait32Hc or 
0.03 ug/ul thymus DNA (Promega) in 20 mM KC1, 0.2 mM 
DTT, 10 mM HEPES/KOH pH 7.5, 2 mM MgCl 2 , 0.04 mM 
EGTA, 0.02 mM EDTA/KOH pH 7.5. The mixture was 
incubated for 30 min at 30°C and the reaction was stopped by 
adding 2xSDS sample buffer to give a final concentration of 
50 mM Tris-HCl (pH 6.8), 1% P-mercaptoethanol, 2% SDS, 
0.1% bromophenol blue and 10% glycerol. The denatured protein 
was separated by SDS-PAGE, in a 12% acrylamide/bisacrylamide 
(35.5/1) gel. The gel was dried and its storage Phosphor 
autoradiograph was scanned with a Storm 820 scanner (GE 
HealthCare) and analyzed with ImageQuant (GE HealthCare) 
software. 

Antibodies and immunological techniques 

Rabbit polyclonal anti-Hsp90a-T5/7P and anti-vimentin-S56-P 
antibodies were purchased from Cell Signaling Technology 
(Danvers, MA, USA). Anti-DNA-PKcs-S2056P antibody was 
kindly provided by David. J. Chen (Department of Radiation 
Oncology, University of Texas Southwestern Medical Center, 
Dallas, TX, USA). The rabbit polyclonal anti-vimentin-S459-P 
antibody was produced and purified by BioGenes (Berlin, 
Germany) and was directed against the C-INET(pS)QHHDD 
peptide (BioGenes). Mouse monoclonal y-H2AX antibody and the 
fS-acfin antibody AC- 15 were obtained from Millipore and Sigma- 
Aldrich, respectively. Goat polyclonal anti-vimentin antibody 
(AB1620) was purchased from Millipore. Rabbit polyclonal anti- 
MOS (H-300) antibody was obtained from Santa Cruz Biotech- 
nology, Inc, Germany. 

For immunofluorescence staining, cells were processed as 
previously described [18]. Microscopy was performed at room 
temperature with the Leica SP5 confocal system, attached to a 
DMI6000 stand, with a 63 x/ 1.4 oil immersion objective. Images 
were processed with the freely available ImageJ software (http:// 
rsb.info.nih.gov.gatel.inist.fr/ij/) and the LOCI bioformat plug-in 
(http://www.loci.wisc.edu/ome/formats.html), to access images 
generated by the Leica SP5 confocal system. For immunoblotting, 
cells were lysed by scraping into Laemmli buffer and boiling for 
10 min. The resulting lysates were then centrifuged and protein 
levels were normalized with the BCA protein assay kit (Thermo 
Scientific, USA). Proteins were separated by SDS-PAGE in 12% 



polyacrylamide (35.5 acrylamide/1 bisacrylamide) gels, transferred 
to nitrocellulose membranes, blocked by incubation with Odyssey 
buffer (LI-COR Biosciences, Lincoln, NE, USA) for 1 h and 
hybridized overnight at 4°C with primary antibody diluted in 
Odyssey buffer. For Western blots, the membranes were probed 
with goat anti-mouse or anti-rabbit secondary antibodies conju- 
gated to Alexa Fluor 680 (Invitrogen) or IRdye 800 (Rockland 
Immunochemicals, Gilbertsville, PA, USA). The blots were 
imaged and quantified with the Odyssey Infrared Imaging System 
(LI-COR Biosciences, Lincoln) and Odyssey software. For 
detection of MOS protein the nitrocellulose membranes were 
blocked with 5% nonfat milk overnight at 4°C and hybridized also 
overnight at 4°C with primary antibody. Blots were then 
incubated with horseradish peroxidase conjugated goat anti-rabbit 
IgG secondary antibodies (sc-2004, Santa Cruz Biotechnology, 
Inc, Germany) and protein-antibody complexes were revealed on 
amersham hyperfilm (GE Healthcare, UK). 

Cell cycle analysis was performed by flow cytometry, according 
to standard protocols. Briefly, the cells were fixed by incubation in 
ice-cold ethanol for 18 h, permeabilized by incubation with 0.2 % 
Triton X-100 for 15 min, treated with 25 U/ml RNAse A 
(Invitrogen) and DNA was stained with 50 Hg/ml propidium 
iodide (Sigma-Aldrich). Cells were analyzed with a FACScalibur 
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and 
data were analyzed with the freely available WinMDI 2.8 (Scripps 
Research Institute, La Jolla, CA, USA) software. 

Wound healing assay and adhesion assay 

Cells were cultured as monolayers in six-well plates until 
confluence and were then wounded with a yellow pipette tip. At 
least three wounds (in duplicate) were created for each set of 
experimental conditions, and the experiment was repeated two or 
three times. Wound closure was monitored in phase contrast 
mode, with a 4/5D microscope. This system consisted of a Leica 
DM IRBE microscope (Leica Microsystems, France) equipped 
with an incubation chamber (37°C, humidified atmosphere 
containing 5% C0 2 ), an x-y-z stage controller and a charge- 
coupled device (CCD) CoolSNAP HQ2 camera (Photometries, 
Tucson, AZ). Images were acquired at 15-minute intervals over a 
period of 16 h, with Metamorph software (Molecular Devices, 
Sunnyvale, CA). Movies were then reconstructed with the "nd 
stack builder", plugins from ImageJ software (http:/ /rsbweb.nih. 
gov/ij/plugins/track/builder.html) developed by F. Cordelieres at 
Institut Curie (Orsay, France). Wound closure area was calculated 
manually with ImageJ software, as the percentage of the wound 
closed after 1 6 h of cell migration. Adhesion assays were carried 
out after transfection with Dbait32Hc or 8H by using a 
fibronectin-coated CytoSelect-48 cell adhesion assay (Cell Biolabs, 
San Diego, CA, USA) in accordance with the manufacturer's 
protocol. Briefly, cells were counted and plated (1x10 cells in 
serum-free medium/well) on fibronectin-coated plates then 
incubated for 60 min at 37°C in a cell culture incubator. After 
incubation, adherent cells were stained and quantified at 
OD560nm after extraction. 

Results 

Identification of 26 proteins displaying differential 
phosphorylation upon DNA-PK activation 

We aimed to identify proteins phosphorylated de novo upon 
nuclear and cytoplasmic DNA-PK activation. We transfected 
MRC-5 (transformed human fibroblasts) cells with Dbait32Hc or 
with the transfection control 8H, which is too short to bind and 
activate DNA-PK [18]. We first confirmed that DNA-PK was 
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activated by Dbait32Hc molecules and not by the 8H control in 
MRC-5 cells. DNA-PK activation at the DNA double-strand 
break leads to autophosphorylation in trans at multiple sites [26]. 
Dbait32Hc treatment led to DNA-PK autophosphorylation at 
Ser2056 not only in the nucleus, as had already been shown after 
irradiation [26], but also in the cytoplasm in 40% of the 
transfected cells (Fig. 1A). The transfection control, 8H, did not 
induce DNA-PK autophosphorylation (Fig. 1A). DNA-PK activa- 
tion by Dbait32Hc in both cytoplasm and the nucleus was further 
confirmed by the high levels of nuclear and cytoplasmic Hsp90a 
phosphorylation at Thr5/7, which we have recendy show to be a 
cytoplasmic target of DNA-PK [19] (Fig. 1C). Consistently, the 
nuclear DNA-PK target, the histone H2AX, was strongly 
phosphorylated in response to Dbait32Hc. An analysis of the 
response in DNA-PK-deficient M059J glioma cells, based on a 
comparison with their DNA-PK proficient counterparts, M059K 
cells, confirmed the strict DNA-PK dependence of the Dbait32Hc- 
induced phosphorylation response (Fig. IB, D). By contrast, 
irradiation, which leads to the activation of ATM and ATR in 
addition to DNA-PK, induced H2AX phosphorylation (y-H2AX) 
in the DNA-PK-deficient cells (Fig. ID). The selective activation of 
DNA-PK by Dbait32Hc, was not sufficient to induce a full DNA 
damage response (DDR), and thereby did not affect the cell cycle 
(Fig. IE). Additionally activation of DNA-PK during apoptosis, 
which leads it's autophosphorylation (S2056-P) and H2AX 
phosphorylation (y-H2AX), does not result in vimentin phosphor- 
ylation on Ser459 (Figure S2 B). 

We identified proteins phosphorylated upon global DNA-PK 
activation, by subjecting the lysates of Dbait32Hc- or 8H-treated 
MRC-5 cells to 2DE. We analyzed a differential protein 
phosphorylation between the two conditions, using the fluorescent 
phosphoprotein dye Pro-Q, Diamond (Pro-QD) which allows for 
detection of phosphate groups on serine, threonine or tyrosine 
residues. Total protein levels were monitored by staining with 
another fluorescent dye, Sypro Ruby. The greatest differences 
between the Dbait32Hc and 8H conditions were detected in a pH 
range between 4.5 and 5.5, which was therefore chosen for 
preparative 2DE (an example is shown in Fig. 2). The spots were 
detected and quantified and those displaying de novo phosphory- 
lation after Dbait32Hc treatment or levels of phosphorylation after 
this treatment at least 10 times greater than those after 8H 
treatment, were excised and subjected to mass spectrometry (MS) 
analysis. No significant difference in total protein levels were 
observed between the two conditions, for any of the spots excised. 
Proteins identified unambiguously by MS analysis and corre- 
sponding to the isoelectric point (pi) and molecular weight (MW) 
of the excised spot are listed in Table 1 (more detailed MS data, 
including Mascot Score, are provided in Table SI). Changes in 
phosphorylation level upon DNA-PK activation by Dbait32Hc 
were observed for 26 proteins, 19 of which are also known to be 
present in the cytoplasm (Table SI), suggesting that DNA-PK may 
play an important role in cellular signaling via the phosphorylation 
of its targets in the cytoplasm. Phosphorylation levels increased for 
25 of these proteins and decreased for the remaining protein, 
Tetratricopeptide repeat domain 1 (TPR1). TPR1 interacts with 
Ras [27] and modulates the activity of heat shock protein 70 
(Hsp70) [28]. Two proteins, valosin containing protein (VCP) and 
heat shock protein 90ot (Hsp90a), which we and others have 
already identified as direct targets of DNA-PK, were detected in 
this assay [19,29,30]. The other proteins phosphorylated after 
Dbait32Hc treatment had not previously been identified as DNA- 
PK targets. 

A large proportion of the proteins identified are involved in 
protein stability and degradation. In addition to TPR1, these 



proteins include VCP, nucleoplasmin 3, FK506-binding protein 4, 
DA41 (also known as ubiquilin 1), Hspl05, Hsp90oc and several 
variants of Hsp70. Proteins involved in cell adhesion or related to 
the cytoskeleton formed another functional group among the 
identified proteins. This group includes ribosomal protein SA (also 
known as the 67 kD laminin receptor), vimentin, desmoplakin, 
myosin heavy polypeptide 9, lamin Bl and (3-tubulin. The 
intermediate filament (IF) vimentin has been implicated in cancer 
invasion and metastasis [31-35]. High levels of vimentin are 
associated with a poor prognosis [34] and vimentin has been 
identified as a possible target for molecular cancer therapy [36]. 
To our knowledge vimentin has never been reported to be a target 
of DNA-PK. We therefore investigated its phosphorylation by 
DNA-PK. 

Phosphorylation of vimentin in vitro by DNA-PK 

We confirmed that vimentin is a target of DNA-PK, by 
incubating purified vimentin filaments with DNA-PKcs, Ku, 
Dbait32Hc and [y- 32 P] ATP followed by autoradiography. We 
found that DNA-PK phosphorylated vimentin (Fig. 2C). No 
phosphorylation signals were detected in the control in which 
vimentin was incubated with ATP in the absence of DNA-PK 
(Figure S2 D). Thus, the observed phosphorylation was the result 
of de novo vimentin phosphorylation by activated DNA-PK. We 
identified the sites phosphorylated by DNA-PK, by isolating the 
bands containing phosphorylated proteins and subjecting them to 
MS analysis. Vimentin was found to be phosphorylated at three 
sites (Fig. 2D, for spectra see Figs. S3, S4, S5): Ser56, Ser430 and 
Thr458 or Ser459 (it was not possible to distinguish between these 
two possibilities because of the proximity of these two amino 
acids), the best matching the consensus phosphorylation site of 
DNA-PK (SQ/TQ). 

DNA-PK-dependent vimentin phosphorylation in cells 

Of the three sites that we found to be phosphorylated by DNA- 
PK in vitro, the sequence around Ser459 best matched the 
preferential phosphorylation motif of DNA-PK (SQ_ or TQ) 
[37,38]. Though DNA-PK-dependent phosphorylation of an "S- 
hydrophobic" consensus motif, which would include the other two 
residues, has also been reported [12,39,40], we focused on 
vimentin phosphorylated site at Ser459. However, an increase in 
the phosphorylation of vimentin at Ser56 has been observed in 
response to radiomimetic treatment [17]. Having an antibody 
already available against this site we analyzed the phosphorylation 
of vimentin at this site in response to DNA-PK activation by 
Dbait32Hc and irradiation in cells. Ser56 was not phosphorylated 
after irradiation or Dbait32Hc treatment in interphase cells 
(Figure SIB), in which the phosphorylation of y-H2AX confirmed 
that PIKKs were activated by the treatments. Vimentin phos- 
phorylation at Ser56, probably by p21 -activated kinase (PAK), has 
already been observed during mitosis and is thought to be involved 
in the reorganization of vimentin filaments (Tang et al, 2005; 
Ivaska et al, 2007). Consistent with this hypothesis, we observed 
vimentin phosphorylation at Ser56 in mitotic cells, regardless of 
treatment (Figure SIB, arrow). The increase in Ser56 phosphor- 
ylation observed by Bensimon et al. [17] may therefore be due to 
cell cycle arrest following radiomimetic treatment, rather than 
DNA damage signaling by PIKKs. 

We then investigated Ser459 phosphorylation, by raising a 
polyclonal antibody against the phosphorylated site within the 
peptide INET(pS)QHHDD. This antibody detected high vimentin 
Ser459 phosphorylation in Dbait32Hc- treated cells, on both 
western blot and immunofluorescence analyses (Fig. 3). The 
specificity of this antibody was confirmed by immunoprecipitation 
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Figure 1. Nuclear and cytoplasmic activation of DNA-PK by Dbait32Hc. Immunostaining of DNA-PK (S2056-P) (green) and y-H2AX (red) in 
8H and Dbait32Hc-treated in (A) MRC-5 cells and (B) and M059K (DNA-PK +/+ ) or DNA-PK-deficient M059J (DNA-PK 7 ") cells. (C) Immunostaining of 
Hsp90a (Thr7-P) (green) and y-H2AX (red) in in 8H and Dbait32Hc-treated MRC-5 cells. (A-C) Cells were fixed 1 h after the end of transfection with 8H 
or Dbait32Hc molecule. DNA was stained with DAPI (blue). Scale bar: 20 urn. (D) y-H2AX activation in protein extracts 1 h after the end of Dbait32Hc 
or 8H or y-irradiated (5 Gy) treatment in M059K (DNA-PK +/+ ) and M059J (DNA-PK" /_ ) cells. The protein extracts were subjected to western blotting and 
the blots were probed with antibodies against y-H2AX and p-actin. (E) Flow cytometric cell cycle analysis of 8H- or Dbait32Hc-transfected or 
irradiated (5 Gy) MRC-5 cells. Cells were fixed at the indicated times and DNA was stained with propidium iodide. 
doi:1 0.1 371 /journal.pone.008031 3.g001 



and western blotting (Figure SI A). It detected no signal in 
Dbait32Hc-transfected MCF-7 breast adenocarcinoma cells, 
which express keratin IFs, but not vimentin IFs [41] as well as 
HCT116 colon cancer cell line lacking vimentin [35] (Fig. 3D). 
The observed phosphorylation signal was essentially cytoplasmic 
and displayed the characteristic filamentous structure of vimentin 
(Fig. 3A, D). About 70-90% of the cells treated with Dbait32Hc 
showed a high level of DNA-PK activation, detected by pan- 
nuclear y-H2AX staining [18], and were all positive for vimentin 
phosphorylation at Ser459 (Fig. 3A, D). We observed no vimentin 
phosphorylation in response to IR, even at doses as high as 1 0 Gy, 
suggesting that vimentin phosphorylation might be specific for 
cytoplasmic DNA-PK activation by Dbait32Hc (Fig. 3A, B). 
Dbait32Hc-induced vimentin Ser459 phosphorylation was found 
in various human cell lines, including MRC-5 (transformed 
fibroblasts), SK28 (skin melanoma), AT5BI (ATM-deficient 
fibroblasts) and M059K (glioma) cells (Fig. 3A, D). Phosphoryla- 
tion was dependent on DNA-PK, as it was completely abolished in 
DNA-PK-deficient M059J glioma cells (Fig. 3B and D) as well as 
in SK28 cells transformed by shDNA-PK plasmid (Figure S2A). 
Treatment with the selective DNA-PK inhibitor NU7026 strongly 
inhibited vimentin phosphorylation after Dbait32Hc treatment. 
ATM inhibition KU5593 leads to slight inhibitory effect what is 
due to not complete specificity to only ATM of this inhibitor. 



Treatment with the PI3K inhibitor wortmannin which inhibits 
both DNA-PK and ATM had the strongest inhibitory effect on 
vimentin phosphorylation (Fig. 3C). Dbait32Hc-induced phos- 
phorylation did not affect total vimentin distribution (Fig. 3E). 

The Ser459 site, which is phosphorylated in a DNA-PK- 
dependent manner, is located at the extreme C-terminus of the 
protein (Fig. 4). The only function attributed to the C-terminus to 
date is in vitro interaction with F-actin [42]. The C-terminal 
sequence of vimentin is highly conserved across species, with 
100% identity between humans (H. sapiens), rodents (R. norvegicus, 
M. musculus, and C. griseus) and chicken (G. gallus), and only two 
minor amino-acid differences (Thr — > Ser and Glu — > Asp) in frogs 
(X. laevis). We observed Dbait32Hc-induced vimentin phosphor- 
ylation on Ser459 in mouse embryonic fibroblasts (MEF, in 38% 
of transfected cells) or murine melanoma cells (B16BL6, in 50% of 
transfected cells) (Figure SID). This high degree of conservation 
during evolution suggests that this phosphorylation site plays an 
important functional role. 

Phosphorylation of the vimentin Ser459 residue during 
mitosis 

We found that vimentin Ser459 was phosphorylated in 
untreated cells during the mitotic (M) phase of the cell cycle 
(Fig. 5A). The mitotic phosphorylation signal first became visible 
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Figure 2. Differential phosphorylation pattern and total protein status after Dbait32Hc treatment. (A) SDS-polyacrylamide gel 
electrophoresis after isoelectric focusing (pH range 4.5-5.5) of MRC-5 lysates treated with Dbait32Hc or 8H. Total protein was detected by Sypro Ruby 
(red, SR) staining and phosphorylation was monitored by Pro-Q Diamond (green, Pro-Q) staining of the same gel. Spots displaying a marked increase 
in phosphorylation after treatment are highlighted (white arrows). (B) Higher magnification of selected spots from (A) showing higher levels of 
phosphorylation (arrows) of the indicated proteins after Dbait32Hc treatment than after transfection with the control, 8H. No difference in total 
protein levels was founds. Proteins displaying at least a 10-fold increase in Pro-Q Diamond staining that could be unambiguously assigned to proteins 
stained by Sypro Ruby were excised and analyzed by LC-MS/MS. (C) In vitro phosphorylation of vimentin by DNA-PK. Purified DNA-PK (DNA-PKcs and 
Ku) was incubated with [y- 32 P]ATP and the indicated amounts of purified vimentin protein. Dbait32Hc was added where indicated, to activate DNA- 
PK, and the proteins were then denatured, separated by SDS-polyacrylamide gel electrophoresis and analyzed by autoradiography. (D) Peptides and 
phosphosites of in vitro DNA-PK-phosphorylated vimentin, as identified by LC-MS/MS with the LTQ-Orbitrap after trypsin digestion. (pT) and (pS) 
correspond to phosphorylated threonine and serine, respectively. 
doi:1 0.1 371 /journal.pone.008031 3.g002 



with chromatin condensation in early prophase and disappeared 
after anaphase, in early telophase, in all mitotic cells. Unlike the 
phosphorylation induced by Dbait32Hc, the mitotic phosphory- 
lation of Ser459 was also observed in DNA-PK-deficient M059J 
cells (Fig. 5B) and in cells treated with the DNA-PK-specific 
inhibitor NU7026 (Fig. 5C). The phosphorylation of vimentin in 



M-phase is complex and has already been reported for Ser55, 
Ser56, Ser71, Ser72 and Ser82, which are phosphorylated by 
Cdkl (cyclin-dependent kinase), CDK5, Rho kinase, Aurora B 
and Plk, respectively [43-46]. Vimentin has been shown to be 
phosphorylated on Ser459 by the p37mos protein kinase (MOS) 
during mitosis in oocytes [47,48], [49]. Due to lack of any 
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Table 1 Identified proteins phosphorylated upon DNA-PK activation. 



Protein 


Gene name 


Accession 3 


14-3-3 protein t 


YWHAQ 


P27348 


14-3-3 protein (J& 


YWHAZ 


P63104 


DA41 


UBQLN1 


Q9UMX0 


Desmoplakin isoform 1 


DSP 


PI 5924 


Eukaryotic translation initiation factor 4A isoform 1 


EIF4A1 


P60842 


FK506-binding protein 4 


FKBP4 


Q02790 


Heat shock 105kD 


HSPH1 


Q5TBM3 


Heat shock 70kDa protein 1A variant 


HSPA1A 


P08107 


Heat shock 70kDa protein 4 


HSPA4 


Q9BUK9 


Heat shock 70kDa protein 8 isoform 1 


HSPA8 


Q53GZ6 


Heat shock protein 90kDa a (cytosolic), class A member 1 isoform 1 


HSP90AA1 


P07900 


Histone-binding protein RBBP7 


RBBP7 


Q16576 


HMGCS1 protein 


HMGCS1 


Q01581 


HnRNP F protein 


HNRNPF 


P52597 


Lamin B1 


LMNB1 


P20700 


Myosin, heavy polypeptide 9, non-muscle 


MYH9 


P35579 


Mannose 6 phosphate receptor binding protein 1 (Perilipin-3) 


PLIN3 


060664 


NSFL1 (p97) cofactor (p47) 


NSFL1C 


Q9UNZ2 


Nucleophosmin/Nucleoplasmin 3 


NPM3 


075607 


Ribosomal protein SA 


RPSA 


P08865 


Tetratricopeptide repeat domain 1 b 


TTC1 


Q99614 


Tubulin, fj 


TUBB 


P07437 


Tubulin, p 2C 


TUBB2C 


P68371 


Tubulin, p 6 


TUBB6 


Q9BUF5 


Valosin-containing protein 


VCP 


P55072 


Vimentin 


VIM 


P08670 



a UniProtKB (www.uniprot.org). 

b displayed loss of phosphorylation in response to Dbait32Hc treatment. 
doi:1 0.1 371/journal.pone.008031 3.t001 



commercial antibodies against this phospho site these results were 
never completely confirmed. MOS (also called c-MOS) has been 
identified as the cellular homologue of v-mos oncogene, a product 
of Moloney murine sarcoma virus [50]. MOS is a proto-oncogene 
serine/threonine kinase that activates the MAP kinase cascade 
through direct phosphorylation of the MAP kinase activator MEK 
[51]. MOS plays an important role in oocyte maturation [52]. It is 
overexpressed in many tumors (lung carcinoma [53], [54]; gliomas 
[55,56]) but not in non tumoral somatic cells. Its level is very low 
in transformed fibroblasts MRC5 (Fig. 5G, [57]), in which in our 
case we observe efficient vimentin phosphorylation on Ser 459 
during mitosis (Fig. 5 A, C) and after Dbait32Hc treatment 
(Fig. 3A). Therefore it is very unlikely that MOS protein kinase is 
responsible for phosphorylation of vimentin on Ser459 at mitosis 
as well as after Dbait32Hc treatment. However, to eliminate this 
possibility we silenced MOS by siRNA in Hela cells which express 
MOS and monitored vimentin phosphorylation. Mitotic phos- 
phorylation (Fig. 5E) as well as Dbait32Hc-induced phosphoryla- 
tion (Fig. 5H) was not affected by MOS depletion (Fig. 5F). Mitotic 
phosphorylation at Ser459 was not dependent on ATM, another 
kinase involved in DNA damage signaling, as it was observed in 
both ATM-deficient AT5BI cells (Fig. 5B) and in cells treated with 
the ATM-specific inhibitor KU-55933 (Fig. 5C). PIKK kinases are 
known to have common targets and to be able to replace each 



other in some conditions. We therefore used wortmannin, an 
inhibitor with a low specificity, to inhibit all together ATM, ATR 
and DNA-PK, as well as PI3K [58]. Ser459 phosphorylation was 
still observed after wortmannin treatment (Fig. 5C), which 
efficiently reduced the activity of PIKK kinases, as shown by the 
low level of y-H2AX formation after irradiation (Figure SIC). We 
also checked for an implication of cyclin-dependent kinases 
(CDKs) in the M-phase phosphorylation of this site by using 
roscovitine which inhibits CDKs 1,2,5,7 and 9 [59,60]. While the 
CDK5-dependent phosphorylation of vimentin at Ser56 was 
suppressed, Ser459 phosphorylation was not affected (Fig. 5D). 
These findings suggest that none of kinase that belongs to neither 
the PIKK, the MOS nor the CDK family might be able to 
phosphorylate the Ser459 residue of vimentin in M-phase or these 
kinases can substitute each other in phosphorylating vimentin at 
mitosis. 

Impact of vimentin phosphorylation on migration and 
adhesion 

Vimentin is required for migration and invasion of cells [34,35]. 
A closer examination of the vimentin phosphorylation pattern 
showed a preferential Ser459 phosphorylation in the cellular 
protrusions of melanoma cells (Fig . 6A). Quantification of the ratio 
of phosphorylated vimentin indicate that the vimentin is two-fold 
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Figure 3. The Ser459 residue of vimentin is phosphorylated in response to Dbait32Hc. (A) Double immunostaining of anti-y-H2AX (red) 
and anti-vimentin (S459-P) (green) in MRC-5 cells transfected with Dbait32Hc or 8H or irradiated (1 OGy). The arrow indicates a cell negative for both y- 
H2AX and phosphorylated vimentin (S459). (B) MRC-5, SK28, M059K or DNA-PK-deficient M059J cells were transfected with Dbait32Hc or 8H or 
irradiated (IR) with 1 0 Gy, as indicated. Proteins were extracted 1 h after the end of treatment for western blot analysis and the lysates were probed 
for vimentin (Vim-S459-P), y-H2AX and p-actin. (C) MRC-5 cells were treated 2 h before and during Dbait32Hc or 8H treatment with 10 uM Nu7026 
(DNA-PK inhibitor), 20 (iM wortmannin (PIKK inhibitor), 1 0 (iM KU-55933 (ATM inhibitor) or vehicle (DMSO). The total cell extracts were processed and 
probed as in (B). (D) The indicated cell lines were transfected with Dbait32Hc or 8H, fixed 1 h after the end of transfection and immunostained for 
vimentin (Vim-S459-P) (green) and y-H2AX (red). (E) Double immunostaining of 32Hc- or 8H-treated SK28 cells with antibodies against total vimentin 
(Vim, red) and phosphorylated vimentin (Vim-S459-P, green). DNA was stained with DAPI (blue). Scale bar: 20 urn. 
doi:1 0.1 371 /journal.pone.008031 3.g003 



more phosphorylated when it is located in the protrusions than 
when it is cytoplasmic. Since cell protrusions are required for cell 
migration, we investigated the impact of the high vimentin 
phosphorylation in response to Dbait32Hc treatment on the cells' 



capacity to migrate. In wound healing assay of MRC-5 and SK-28 
cells, Dbait32Hc treatment led to diminished cell migration 
(Fig. 6B). We investigated the role of vimentin, by carrying out the 
same assay with HCT1 16 colon cancer cells, which do not express 
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NH 2 " 


Head 


Alpha helical domain 


Tail |-COOH 



Homo sapiens 4 41 TLLIKTVETRDGQVINET[I]QHHDDLE 4 66 

Rattus norvegicus 441 TLLIKTVETRDGQVINET|s]QHHDDLE 4 66 

Mus musculus 441 TLLIKTVETRDGQVINET|s]QHHDDLE 4 66 

Cricetulus griseus 4 23 TLLIKTVETRDGQVINEt|s]qHHDDLE 44 8 

Gallus gallus 435 TLLIKTVETRDGQVINET|s]QHHDDLE 4 60 

Xenopus laevis 434 TLLIKTVETRDGQVINE |s]qHHDDLD 459 



Figure 4. Diagram of the domain structure of vimentin and C-terminus conservation. Top, vimentin consists of a central -/-helical rod 
domain, flanked by distal head (N-terminal) and tail (C-terminal) regions. Bottom, alignment of the sequence of the C-terminus of human vimentin 
(residues 441-466) with those of vimentin from various species. The human serine 459 residue is highlighted by gray boxes; residues differing 
between species are shown in light gray. 
doi:1 0.1 371 /journal.pone.008031 3.g004 
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Figure 5. DNA-PK-independent phosphorylation of the Ser459 residue of vimentin in M-phase. (A) Merged images of immunostaining 
for vimentin (S459-P) (green) and DNA-staining with DAPI (blue) in untreated MRC-5 cells at the indicated stages of mitosis. (B) Immunostaining as in 
(A) of M059K (DNA-PK +/+ ) or DNA-PK-deficient M059J (DNA-PK" A ) cells and ATM-defective AT5BI cells. (C) Immunostaining as in (A) of MRC-5 cells 
treated for 5 h with 10 \iM NU7026 (DNA-PK inhibitor), 20 \iM wortmannin (PIKK and PI3K inhibitor), 10 \iM KU-55933 (ATM inhibitor) or (D) 60 jiM 
roscovitine (CDK inhibitor). (E) MOS depletion does not affect vimentin phosphorylation at Ser459 during mitosis. HeLa cells were transfected with a 
control (CTL) or Mos-silencing siRNAs for 72h, followed by fixation and immunostaining as in A. (A-E) Cells in mitosis (arrow) or interphase are shown. 
Scale bar: 20 |im. (F) MOS depletion verification. HeLa cells were transfected with a control (CTL) or Mos-silencing siRNAs for 72h, followed by protein 
extraction, which were subjected to western blotting and the blots were probed with antibodies against MOS and p-actin. (G) MOS expression level in 
MRC-5 cells and HeLa cells. (H) MOS depletion does not affect Dbait32Hc-induced vimentin phosphorylation on Ser459. HeLa cells were transfected as 
described previously (E), 72h after transfection cells were treated with Dbait32Hc or 8H followed by proteins extraction, then subjected to western 
blotting and the blots were probed with vimentin (Vim-S459-P), y-H2AX and p-actin. 
doi:1 0.1 371 /journal.pone.008031 3.g005 



vimentin (Fig. 6C [35]) but are, nevertheless, invasive and able to 
migrate. The migration of vimentin-negative cells, unlike that of 
cells containing vimentin, was not inhibited by Dbait32Hc 
(Fig. 6B). Moreover, knowing that vimentin regulates cell adhesion 
[61], we investigated the role of vimentin phosphorylation after 
Dbait32Hc treatment on cell adhesion to fibronectin. Dbait32Hc 
treatment inhibits cell adhesion to fibronectin of SK-28 cells, but 
not of HCT116 cells lacking vimentin (Fig. 6C). These results 
strongly suggest that the phosphorylation of vimentin at Ser459 
induced by DNA-PK regulate both cell migration and adhesion. 

Discussion 

The DNA damage response is an intricate signaling network 
involving the phosphorylation of a multitude of proteins. Several 
studies [15-17] have shown that over 700 proteins are phosphor- 
ylated at PIKK consensus sites, in response to ionizing radiation or 
radiomimetic treatment. However, ionizing radiation induces a 
plethora of different DNA lesions and leads to the activation of 
various DNA damage signaling kinases. We therefore used DSB- 
mimicking Dbait32Hc molecules, which activate only DNA-PK, 
to investigate the contribution of this member of the PIKK family 
to the DNA damage response. Using 2DE to investigate proteins 
displaying de novo phosphorylation, in particular, we identified 25 
proteins that were strongly phosphorylated in response to DNA- 



PK nuclear and cytoplasmic activation. These proteins included 
known DNA-PK substrates, the detection of which confirms that 
our approach can be used to identify new DNA-PK substrates. We 
chose a very stringent cutoff for spot selection, requiring not only 
at least a 1 0-fold increase in phosphorylation, but also a relatively 
high total protein spot intensity that could eventually be used as 
DNA-PK activity biomarker. Five of the proteins identified 
(FK506-binding protein 4, Heat shock 70 kDa protein 4, Heat 
shock 70 kDa protein 8, HnRNP F protein, and tubulin beta 6) 
were also reported to be phosphorylated in response to IR in the 
study by Matsuoka et al. [16]. We also identified two proteins of the 
14-3-3 protein family, 14-3-3t and 14-3-3^, that were phosphor- 
ylated upon DNA-PK activation by Dbait32Hc. 14-3-3 proteins 
are adaptor proteins that bind to a large number of partners and 
are involved in various cellular processes, including kinase 
regulation, adhesion, motility and nucleocytoplasmic transport 
[62,63]. Both 14-3-3T and 14-3-3C, can bind and inhibit Cdc25C 
[64] and play a role in mediating the G2/M cell cycle checkpoints 
after DNA damage [65] . The phosphorylation of these proteins in 
our study suggests that they may be phosphorylated by DNA-PK 
in response to DNA damage. 

Six of the proteins identified (ribosomal protein SA, vimentin, 
desmoplakin, (3-tubulin, myosin heavy polypeptide, 9 and lamin 
Bl) have functions in cell adhesion and the cytoskeleton. We 
investigated the DNA-PK-dependent phosphorylation of vimentin, 
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Figure 6. Inhibition of cell migration and adhesion by DNA-PK activation. (A) SK-28 cells were transfected with Dbait32Hc or control 8H, 
fixed 1 h after the end of transfection and immunostained for vimentin (red) and phospho-vimentin (S459-P) (green). A higher magnification of 
typical cell protrusions is shown. The bar chart provides a quantitative representation of the signal intensity ratio of vimentin (S459-P) and total 
vimentin for cell protrusions and cytoplasm, with standard deviations, from three analyses of 50 cells per set of conditions. DNA was stained with 
DAPI (blue). Scale bar: 20 um. (B) The indicated cell lines were transfected with Dbait32Hc or 8H, wounded 1 h after the end of transfection and 
wound healing was observed by videomicroscopy for 16 h. The bar chart gives the percentage wound closure, with standard deviations, from three 
independent experiments. (C) The indicated cell lines were transfected with Dbait32Hc or 8H, then 1 h after the end of transfection cells were 
detached by trypsinization and let to adhere on fibronectin for 1 h. The bar chart gives the relative adhesion to fibronectin measure by colorimetric 
assay, with standard deviations, from two independent experiments (Ab560). The significance of differences was assessed by the Kruskal-Wallis 
method. *, p<0.0005. 
doi:1 0.1 371 /journal.pone.008031 3.g006 



as this major IF of mesenchymal cells plays a role in diverse 
cellular pathways and processes, including cell adhesion 
[61,66,67], migration [68,69], infection [70,71], ERK signaling 
[72], regulation of transcription [73] and the modulation of 14-3-3 
protein-dependent signaling [74,75]. Vimentin has also been 
implicated in cancer cell invasion and high levels of this protein are 
associated with poor treatment outcome in patients with cancer 
[32-35]. Moreover, multiphosphorylated vimentin has been 
described to be associated to invasiveness in meningiomas, 
highlighting a potential role of vimentin phosphorylation in 
invasion [76] . Consistent with our findings from the phosphopro- 
teomic analysis, we demonstrated that DNA-PK phosphorylated 
purified vimentin in vitro and in cells. The phosphorylation pattern 
of vimentin is highly complex [61,77]. Functions have been 
attributed to the phosphorylation of several residues towards the 



N-terminus of the protein, whereas no partner or function has yet 
been attributed to the C-terminus, which houses the Ser459 
residue shown here to be phosphorylated by DNA-PK. The C- 
terminus is highly conserved and would therefore be expected to 
have important regulatory functions. 

In the course of studying the phosphorylation of vimentin after 
Dbait32Hc treatment we observed that Ser459 was highly 
phosphorylated at mitosis in all the cells expressing vimentin. 
This phosphorylation seems to be independent of DNA-PK 
activity since inhibitors and mutations that suppress Dbait32Hc- 
induced Ser459 phosphorylation had no effect on mitotic 
phosphorylation. This result is coherent with the observation that 
Dbait32Hc treatment has no effect on cell cycle and do not affect 
proliferation [18]. We investigated PIKK, MOS and the CDK 
kinases family as possible kinases but none of the candidates were 
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responsible for this mitotic phosphorylation. Up to date, all the 
cells expressing vimentin show phosphorylation of the Ser459 at 
mitosis and further studies are necessary to identify the kinase 
involved. We tried to produce vimentin with a mutation at Ser459 
for preventing its phosphorylation, but it was not possible to create 
endogenous human vimentin network in cell lacking vimentin by 
expressing the protein from plasmid [41]. Moreover, overexpress- 
ing vimentin cDNA from plasmid in wild type background (cells 
expressing vimentin, SK28, data not shown) leads to endogenous 
vimentin networks disassembly, preventing further studies with 
Ser459 mutants. No interaction of vimentin with DNA-PK has 
ever been demonstrated. However, the production of vimentin has 
been reported to be regulated by poly (ADP-ribose) polymerase 1 
(PARP-1) [78], another important DNA repair enzyme. More- 
over, vimentin may be directly involved in DNA metabolism, 
because it has been shown to bind direcdy to DNA [79,80] and to 
have an affinity for various DNA structures, including four-way 
junctions, G-quadruplexes [81] and triplex-DNA [82]. Vimentin is 
present in nuclear matrix attachment regions (MARs) [83,84], 
which contribute to the structural organization of chromatin and 
seem to be involved in recombination and repair events. MARs 
seem to play a particularly important role in NHEJ, as the DNA- 
ligase IV/XRCC4 complex localizes to these regions and DNA- 
PK has been shown to redirect DNA ends to these sequences [85] . 
The absence of a significant increase in vimentin Ser459 
phosphorylation in response to IR suggests that the signal may 
be locally restricted and transient. 

The functional significance of cytosolic DNA-PKcs remains 
unclear. However, recent findings suggest that, in addition to its 
well established role in DNA repair in the nucleus, DNA-PK 
phosphorylates targets involved in various cellular signaling 
pathways, such as UV-induced translational reprogramming 
[14], NFkB activation [9,10], mRNA metabolism [1 1-13], EGFR 
signaling [7,8] and the regulation of Akt/PKB [86,87]. NFkB has 
been demonstrated to be sequestered in an inactive state in the 
cytoplasm, when bound to IkB inhibitor family members [88]. 
The authors revealed that DNA-PK can directly phosphorylate 
IkB-(5. It has been shown that DNA-PK is directly involved in 
NFkB activation in response to IR via the modification of IkB 
[9,10]. As the NFkB- IkB inhibitor complex is localized in the 
cytoplasm, the signaling of DNA damage in the NFkB pathway 
might be an example of the essential cytoplasmic role of DNA-PK. 
Moreover, it has been identified that DNA-PK can also activate 
Akt/PKB [86,87]. DNA-PKcs was shown to be colocalized with 
Akt at the plasma membrane and phosphorylates Akt on Ser473 
resulting in a 1 0-fold enhancement of Akt activity. Other studies 
have demonstrated an interaction between EGFR and DNA-PK 
[89] . The EGFR-DNA-PK complex is generated in the cytoplasm 
and the inhibition of radiation-induced EGFR nuclear import 
leads to suppressed DNA-PK activity [7,8]. These results suggest 
that one consequence of IR might be the internalization of EGFR 
together with DNA-PK present in the lipid rafts [90] or the 
cytoplasm and the nuclear translocation of the complex. There- 
fore, all these results suggest a cytoplasmic response to DNA 
damage transmitted by activated DNA-PK. 

The vimentin network spreads from the nucleus to the plasma 
membrane and is involved in cell signaling, adhesion, migration 
and invasion processes [61], We show here that Dbait32Hc- 
induced DNA-PK activation leads to the preferential phosphor- 
ylation of vimentin in cell protrusions. Dbait32Hc treatment also 
significandy decreased the capacity of cells to migrate. Dbait32Hc 
treatment induced a large set of protein modifications through 
DNA-PK activation, but the inhibition of cell migration seems to 
be direcdy linked to vimentin modification, because the migration 



of cells devoid of vimentin was not affected by Dbait32Hc 
treatment. Dbait32Hc may inhibit migration by modifying 
cytoskeleton dynamics, through the high level of phosphorylation 
of vimentin and, possibly, other cytoskeleton components, 
suggesting possible crosstalk between DNA-PK signaling and 
cytoskeletal functions, such as cell adhesion and migration. 
Moreover, DNA-PK has been reported to be overexpressed in 
various metastatic tumors [91] however the mechanism of its role 
in this process is not known yet. Here, we revealed a link between 
DNA-PK signaling, cytoskeleton and cell migration. Therefore, 
our results are very important for further understanding of the role 
of DNA-PK in cancer metastasis process. 

The phosphorylation of vimentin could also play a role in viral 
infection, where the viral nucleic acids may be recognized by Ku 
and DNA-PK in the cytoplasm [92,93]. Several results suggest that 
vimentin could play a role in viral infection. Vimentin has been 
shown to interact with the CPMV plant virus which is structurally 
related to animal picornavirus including the poliovirus [94]. 
Vimentin was reported to be phosphorylated at Ser82 and 
rearranged after infection of African swine fever virus infection 
[70]. Detecting nucleic acids in cytoplasm is an important part of 
recognizing pathogens and viral infection. This task seems to be 
assume by the DNA-PK enzyme which triggers via IRF-3 a 
sequence of events that lead to the innate immune response to be 
activated [95] . We propose that beside the control of the immune 
response DNA-PK could play another anti-viral activity by 
modifying vimentin. 

In summary, we have shown that stabilized DSB-mimicking 
Dbait32Hc molecules may be used as a tool for studying DNA- 
PK-dependent signaling in cells. In this study, we demonstrated 
previously unknown target of DNA-PK which is IF vimentin. We 
mapped the DNA-PK phosphorylation sites of vimentin and 
confirmed the DNA-PK-dependent phosphorylation of vimentin 
at Ser459 in cells. We showed that Ser459-P-vimentin was mosdy 
located at cell protrusions of migratory cells. We then demon- 
strated that vimentin phosphorylation at Ser459 induced by 
Dbait32Hc treatment leads to inhibition of cell adhesion and 
migration. Dbait32Hc treatment is sensitizing tumors to radio- 
therapy and is currendy under clinical investigation for local 
metastatic melanoma treatment (clinicaltrials.gov/show/ 
NCT01469455). Therefore, our results are very important as they 
provide evidence that Dbait32Hc treatment by inhibition of 
cancer cell migration can have anti-metastatic effect. Moreover, 
our results highlight the links between DNA-PK signaling, the 
cytoskeleton, cell adhesion and migration. These findings provide 
new insight into very important cellular processes controlled by 
DNA-PK. 

Supporting Information 

Figure SI (A) Western blot data demonstrating the 
specificity of the anti-vimentin (S459-P) antibody. (B) 

Immunofluorescence staining that shows no vimentin phosphor- 
ylation on Ser56 in response to DNA-PK activation by Dbait32Hc 
and irradiation in cells. (C) Control experiments demonstrating the 
inhibition of PIKKs by specific inhibitors. (D) Immunofluores- 
cence staining of vimentin phosphorylation on Ser459 in response 
to DNA-PK activation by Dbait32Hc treatment in mouse cells 
(MEF's - mouse embryonic fibroblasts, B16BL6 - mouse 
melanoma). 
(PDF) 

Figure S2 (A) Immunofluorescence staining that shows 
no vimentin phosphorylation on Ser459 in response to 
DNA-PK activation by the Dbait32Hc molecule in SK28 
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cells transformed by shDNA-PK plasmid compared to 
cells transformed with the control (shCTL) plasmid. (B, 
C) Immunofluorescence staining that shows no vimentin 
phosphorylation on Ser459 in response to DNA-PK 
activation during apoptosis. (D) In vitro phosphorylation of 
vimentin by DNA-PK. 
(PDF) 

Figure S3 MS/MS spectrum for identification of vimen- 
tin in vitro phosphorylation site Ser459. 

(PDF) 

Figure S4 MS/MS spectrum for identification of vimen- 
tin in vitro phosphorylation site Ser56. 

(PDF) 

Figure S5 MS/MS spectrum for identification of vimen- 
tin in vitro phosphorylation site Ser430. 

(PDF) 

References 

1. Shiloh Y (2003) ATM and related protein kinases: safeguarding genome 
integrity. Nat Rev Cancer 3: 155—168. 

2. Paull TT, Lee JH (2005) The Mrel 1/Rad50/Nbsl complex and its role as a 
DNA double-strand break sensor for ATM. Cell Cycle 4: 737-740. 

3. Guo Z, Kozlov S, Lavin MF, Person MD, Paull TT (2010) ATM activation by 
oxidative stress. Science 330: 517—521. 

4. Flynn RL, Zou L (201 1) ATR: a master conductor of cellular responses to DNA 
replication stress. Trends Biochem Sci 36: 133-140. 

5. Meek K, Dang V, Lees-Miller SP (2008) DNA-PK: the means to justify the ends? 
Adv Immunol 99: 33-58. 

6. Kong X, Shen Y, Jiang N, Fci X, Mi J (2011) Emerging roles of DNA-PK 
besides DNA repair. Cell Signal 23: 1273-1280. 

7. Dittmann K, Mayer C, Fehrenbachcr B, Schaller M, Raju U, et al. (2005) 
Radiation-induced epidermal growth factor receptor nuclear import is linked to 
activation of DNA-dependent protein kinase. J Biol Chem 280: 31182-31189. 

8. Szumiel I (2006) Epidermal growth factor receptor and DNA double strand 
break repair: the cell's self-defence. Cell Signal 18: 1537-1548. 

9. Basu S, Roscnzwcig KR, Youmell M, Price BD (1998) The DNA-dependent 
protein kinase participates in the activation of NF kappa B following DNA 
damage. Biochem Biophys Res Gommun 247: 79-83. 

10. Panta GR, Kaur S, Gavin LG, Cortes ML, Mercurio F, ct al. (2004) ATM and 
the catalytic subunit of DNA-dependent protein kinase activate NF-kappaB 
through a common MEK/extracellular signal-regulated kinase/p90(rsk) signal- 
ing pathway in response to distinct forms of DNA damage. Mol Cell Biol 24: 
1823-1835. 

1 1 . Berglund FM, Clarke PR (2009) hnRNP-U is a specific DNA-dependent protein 
kinase substrate phosphorylatcd in response to DNA double-strand breaks. 
Biochem Biophys Res Gommun 381: 59-64. 

12. Britton S, Froment C, Frit P, Monsarrat B, Salles B, et al. (2009) Cell 
nonhomologous end joining capacity controls SAF-A phosphorylation by DNA- 
PK in response to DNA double-strand breaks inducers. Cell Cycle 8: 3717- 
3722. 

13. Ting NS, Pohorelic B, Yu Y, Lees-Miller SP, Beattie TL (2009) The human 
telomerase RNA component, hTR, activates the DNA-dependent protein kinase 
to phosphorylate heterogeneous nuclear ribonucleoprotein Al. Nucleic Acids 
Res 37: 6105-6115. 

14. Wong RH, Chang I, Hudak CS, Hyun S, Kwan HY, et al. (2009) A role of 
DNA-PK for the metabolic gene regulation in response to insulin. Cell 136: 
1056-1072. 

15. Bennetzen MV, Larsen DH, BunkenborgJ, BartekJ, LukasJ, et al. (2010) Site- 
specific phosphorylation dynamics of the nuclear proteome during the DNA 
damage response. Mol Cell Proteomics 9: 1314-1323. 

16. Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER 3rd, Hurov KE, et al. 
(2007) ATM and ATR substrate analysis reveals extensive protein networks 
responsive to DNA damage. Science 316: 1160-1166. 

17. Bensimon A, Schmidt A, Ziv Y, Elkon R, Wang SY, et al. (2010) ATM- 
dependent and -independent dynamics of the nuclear phosphoprotcomc after 
DNA damage. Sei Signal 3: rs3. 

18. Quanz M, Chassoux D, Bcrthault N, Agrario G, Sun JS, et al. (2009) 
Hypcractivation of DNA-PK by double-strand break mimicking molecules 
disorganizes DNA damage response. PLoS One 4: c6298. 

19. Quanz M, Herbette A, Sayarath M, de Koning L, Dubois T, ct al. (2012) Heat 
shock protein 90alpha (Hsp90alpha) is phosphorylated in response to DNA 
damage and accumulates in repair foci. J Biol Chem 287: 8803-8815. 

20. Simons JW (1979) Development of a liquid-holding technique for the study of 
DNA-repair in human diploid fibroblasts. Mutat Res 59: 273-283. 

21. Sidera K, Patsavoudi E (2008) Extracellular HSP90: conquering the cell surface. 
Cell Cycle 7: 1564-1568. 



Table SI Detailed MS data including the Mascot Scores 
of the proteins identified in the 2D gel experiment. 

(PDF) 

Acknowledgments 

We thank Carsten Janke for purified microtubules, David J. Chen for 
DNA-PK (P-S2016) antibodies, Berangere Lombard of the Institut Curie 
mass spectrometry and proteomics platform and Fabrice Cordclieres and 
Pauline Chabosseau from the imaging platform. 

Author Contributions 

Conceived and designed the experiments: MD JSS MQ. Performed the 
experiments: EK MQ NB WF FD. Analyzed the data: EK WF MD MQ. 
Contributed reagents/materials/analysis tools: DL JSS. Wrote the 
paper: EK MD MQ. Developed the mass spectrometry analysis: WF 
FD DL. 



22. Moore R, Champcval D, Denat L, Tan SS, Faure F, ct al. (2004) Involvement of 
cadherins 7 and 20 in mouse embryogencsis and melanocyte transformation. 
Oncogene 23: 6726-6735. 

23. Quanz M, Berthault N, Roulin C, Roy M, Herbette A, et al. (2009) Small- 
molecule drugs mimicking DNA damage: a new strategy for sensitizing tumors 
to radiotherapy. Clin Cancer Res 15: 1308-1316. 

24. Fevrier B, Vilettc D, Archer F, Loew D, Faiglc W, et al. (2004) Cells release 
prions in association with exosomes. Proe Nad Acad Sci USA 101: 9683-9688. 

25. Schlosser A, Bodem J, Bossemeyer D, Grummt I, Lehmann WD (2002) 
Identification of protein phosphorylation sites by combination of elastase 
digestion, immobilized metal affinity chromatography, and quadrupole-timc of 
flight tandem mass spectrometry. Proteomics 2: 911—918. 

26. Wetcrings E, Chen DJ (2007) DNA-dependent protein kinase in nonhomologous 
end joining: a lock with multiple keys? J Cell Biol 179: 183-186. 

27. Marty C, Browning DD, Ye RD (2003) Identification of tctratrieopeptide repeat 
1 as an adaptor protein that interacts with heterotrimeric G proteins and the 
small GTPase Ras. Mol Cell Biol 23: 3847-3858. 

28. Oh WK, SongJ (2003) Cooperative interaction of Hsp40 and TPR1 with Hsp70 
reverses Hsp70-HspBpl complex formation. Mol Cells 16: 84—91. 

29. Lces-Millcr SP, Anderson CW (1989) The human double-stranded DNA- 
activated protein kinase phosphorylates the 90-kDa heat-shock protein, hsp90 
alpha at two NH2-terminal threonine residues. J Biol Chem 264: 17275—17280. 

30. Livingstone M, Ruan H, Weiner J, Clauser KR, Strack P, et al. (2005) Valosin- 
eontaining protein phosphorylation at Ser784 in response to DNA damage. 
Cancer Res 65: 7533-7540. 

31. Thomas PA, Kirschmann DA, Cerhan JR, Folbcrg R, Seftor EA, et al. (1999) 
Association between keratin and vimentin expression, malignant phenotype, and 
survival in postmenopausal breast cancer patients. Clin Cancer Res 5: 2698— 
2703. 

32. Yoon WH, Song IS, Lee BH, Jung YJ, Kim TD, ct al. (2004) Differential 
regulation of vimentin mRNA by 1 2-O-tctradccanoylphorbol 1 3-aectate and all- 
trans-rctinoic acid correlates with motility of Hep 3B human hepatocellular 
carcinoma cells. Cancer Lett 203: 99-105. 

33. Ngan CY, Yamamoto H, Seshimo I, Tsujino T, Man-i M, et al. (2007) 
Quantitative evaluation of vimentin expression in tumour stroma of colorectal 
cancer. Br J Cancer 96: 986-992. 

34. Wei J, Xu G, Wu M, Zhang Y, Li Q et al. (2008) Ovcrcxpression of vimentin 
contributes to prostate cancer invasion and metastasis via sre regulation. 
Anticancer Res 28: 327-334. 

35. Schoumacher M, Goldman RD, Louvard D, Vignjcvic DM (2010) Aetin, 
microtubules, and vimentin intermediate filaments cooperate for elongation of 
invadopodia. J Cell Biol 189: 541-556. 

36. Lahat G, Zhu QS, Huang KL, Wang S, Bolshakov S, et al. (2010) Vimentin is a 
novel anti-cancer therapeutic target; insights from in vitro and in vivo mice 
xenograft studies. PLoS One 5: cl0105. 

37. Collis SJ, DcWccse TL, Jeggo PA, Parker AR (2005) The life and death of DNA- 
PK. Oncogene 24: 949-961. 

38. Lccs-Miller SP (1996) The DNA-dependent protein kinase, DNA-PK: 10 years 
and no ends in sight. Biochem Cell Biol 74: 503—512. 

39. Shi M, Vivian CJ, Lee KJ, Gc C, Morotomi-Yano K, et al. (2009) DNA-PKcs- 
PlDDosome: a nuclear caspase-2-activating complex with role in G2/M 
checkpoint maintenance. Cell 136: 508-520. 

40. Chan DW, Yc R, Veillette GJ, Lees-Miller SP (1999) DNA-dependent protein 
kinase phosphorylation sites in Ku 70/80 heterodimer. Biochemistry 38: 18 19— 
1828. 

41. Mendez MG, Kojima S, Goldman RD (2010) Vimentin induces changes in cell 
shape, motility, and adhesion during the epithelial to mesenchymal transition. 
FASEB J 24: 1838-1851. 



PLOS ONE | www.plosone.org 



12 



November 2013 | Volume 8 | Issue 11 | e80313 



Cytoplasmic DNA-PK Targets 



42. Esue O, Carson AA, Tseng Y, Wirtz D (2006) A direct interaction between actin 
and vimentin filaments mediated by the tail domain of vimentin. J Biol Chem 
281: 30393-30399. 

43. Chou YH, Ngai KL, Goldman R (1991) The regulation of intermediate filament 
reorganization in mitosis. p34cdc2 phosphorylates vimentin at a unique N- 
terminal site. J Biol Chem 266: 7325-7328. 

44. Yamaguchi T, Goto H, Yokoyama T, Silljc H, Hanisch A, et al. (2005) 
Phosphorylation by Cdkl induces Plkl -mediated vimentin phosphorylation 
during mitosis. J Cell Biol 171: 431-436. 

45. Tsujimura K, Ogawara M, Takcuchi Y, Imajoh-Ohmi S, Ha MH, et al. (1994) 
Visualization and function of vimentin phosphorylation by edc2 kinase during 
mitosis. J Biol Chem 269: 31097-31106. 

46. Takai Y, Ogawara M, Tomono Y, Moritoh C, Imajoh-Ohmi S, et al. (1996) 
Mitosis-specific phosphorylation of vimentin by protein kinase C coupled with 
reorganization of intracellular membranes. J Cell Biol 133: 141—149. 

47. Singh B, Arlinghaus RB (1989) Vimentin phosphorylation by p37mos protein 
kinase in vitro and generation of a 50-kDa cleavage product in v-mos- 
transformed cells. Virology 173: 144-156. 

48. Chou YH, Opal P, Quinlan RA, Goldman RD (1996) The relative roles of 
specific N- and C-terminal phosphorylation sites in the disassembly of 
intermediate filament in mitotic BHK-21 cells. J Cell Sci 109 ( Pt 4): 817-826. 

49. Singh B, Goldman R, Hutton L, Herzog NK, Arlinghaus RB (1987) The P55 
protein affected by v-mos expression is vimentin. J Virol 61: 3625—3629. 

50. Oskarsson M, McClements WL, Blair DG, MaizelJV, Vande Woude GF (1980) 
Properties of a normal mouse cell DNA sequence (sarc) homologous to the sre 
sequence of Moloney sarcoma virus. Science 207: 1222-1224. 

5 1 . Prasad CK, Mahadevan M, MacNicol MC, MacNicol AM (2008) Mos 3' UTR 
regulatory differences underlie species-specific temporal patterns of Mos mRNA 
cytoplasmic polyadenylation and translational recruitment during oocyte 
maturation. Mol Reprod Dev 75: 1258-1268. 

52- Sagata N (1997) What does Mos do in oocytes and somatic cells? Bioessays 19: 
13-21. 

53. Athanasiou A, Gorgoulis VG, Zacharatos P, Mariatos G, Kotsinas A, et al. 
(2000) c-mos immunoreactivity is an indicator of good prognosis in lung cancer. 
Histopathology 37: 45—54. 

54. Gorgoulis VG, Zacharatos P, Mariatos G, Liloglou T, Kokotas S, ct al. (2001) 
Deregulated expression of c-mos in non-small cell lung carcinomas: relationship 
with p53 status, genomic instability, and tumor kinetics. Cancer Res 61: 538- 
549. 

55. Pcrunovic B, Athanasiou A, Quilty RD, Gorgoulis VG, Kittas C, et al. (2002) 
Expression of mos in astrocytic tumors and its potential role in neoplastic 
progression. Hum Pathol 33: 703—707. 

56. Athanasiou A, Perunovic B, Quilty RD, Gorgoulis VG, Kittas C, et al. (2003) 
Expression of mos in ependymal gliomas. AmJ Clin Pathol 120: 699—705. 

57. Vitale I, Senovilla LJemaa M, Michaud M, Galluzzi L, et al. (2010) Multipolar 
mitosis of tetraploid cells: inhibition by p53 and dependency on Mos. EMBOJ 
29: 1272-1284. 

58. Powis G, Bonjouklian R, Bcrggren MM, Gallegos A, Abraham R, et al. (1994) 
Wortmannin, a potent and selective inhibitor of phosphatidylinositol-3-kinasc. 
Cancer Res 54: 2419-2423. 

59. Bach S, Knockaert M, Reinhardt J, Lozach O, Schmitt S, et al. (2005) 
Roscovitinc targets, protein kinases and pyridoxal kinase. J Biol Chem 280: 
31208-31219. 

60. Meijer L, Borgne A, Mulner O, ChongJP, Blow JJ, ct al. (1997) Biochemical and 
cellular effects of roscovitinc, a potent and selective inhibitor of the cyclin- 
dependent kinases cdc2, cdk2 and cdk5. Eur J Biochem 243: 527-536. 

61. IvaskaJ, Pallari HM, NevoJ, Eriksson JE (2007) Novel functions of vimentin in 
cell adhesion, migration, and signaling. Exp Cell Res 313: 2050-2062. 

62. Morrison DK (2009) The 14-3-3 proteins: integrators of diverse signaling cues 
that impact cell fate and cancer development. Trends Cell Biol 19: 16-23. 

63. Mohammad DH, Yaffc MB (2009) 14-3-3 proteins, FHA domains and BRCT 
domains in the DNA damage response. DNA Repair (Amst) 8: 1009-1017. 

64. Qi W, Martinez JD (2003) Reduction of 14-3-3 proteins correlates with 
increased sensitivity to killing of human lung cancer cells by ionizing radiation. 
Radiat Res 160: 217-223. 

65. Hcrmcking H, Benzinger A (2006) 14-3-3 proteins in cell cycle regulation. Semin 
Cancer Biol 16: 183-192. 

66. Tsuruta D, Jones JC (2003) The vimentin cytoskcleton regulates focal contact 
size and adhesion of endothelial cells subjected to shear stress. J Cell Sci 116: 
4977-4984. 

67. Bhattacharya R, Gonzalez AM, Debiase PJ, Trcjo HE, Goldman RD, ct al. 
(2009) Recruitment of vimentin to the cell surface by beta3 integrin and plectin 
mediates adhesion strength. J Cell Sci 122: 1390-1400. 

68. Nicminen M, Hcnttinen T, Mcrinen M, Marttila-Ichihara E, Eriksson JE, et al. 
(2006) Vimentin function in lymphocyte adhesion and transcellular migration. 
Nat CeU Biol 8: 156-162. 

69. Ivaska J, Vuoriluoto K, Huovinen T, Izawa I, Inagaki M, ct al. (2005) 
PKCcpsil on-mediated phosphorylation of vimentin controls integrin recycling 
and motility. EMBOJ 24: 3834-3845. 

70. Stcfanovic S, Windsor M, Nagata KI, Inagaki M, Wilcman T (2005) Vimentin 
rearrangement during African swine fever virus infection involves retrograde 



transport along microtubules and phosphorylation of vimentin by calcium 
calmodulin kinase II. J Virol 79: 11766-11775. 

7 1 . Garg A, Barnes PF, Porgador A, Roy S, Wu S, ct al. (2006) Vimentin expressed 
on Mycobacterium tuberculosis-infected human monocytes is involved in 
binding to the NKp46 receptor. J Immunol 177: 6192-6198. 

72. Kumar N, Robidoux J, Daniel KW, Guzman G, Flocring LM, et al. (2007) 
Requirement of vimentin filament assembly for beta3-adrenergic receptor 
activation of ERK MAP kinase and lipolysis. J Biol Chem 282: 9244-9250. 

73. Lopcz-Egido J, Cunningham J, Berg M, Oberg K, Bongcam-Rudloff E, et al. 
(2002) Menin's interaction with glial fibrillary acidic protein and vimentin 
suggests a role for the intermediate filament network in regulating mcnin 
activity. Exp Cell Res 278: 175-183. 

74. Tzivion G, Luo ZJ, Avruch J (2000) Calyculin A-induccd vimentin phosphor- 
ylation sequesters 14-3-3 and displaces other 14-3-3 partners in vivo. J Biol 
Chem 275: 29772-29778. 

75. Satoh J, Yamamura T, Arima K (2004) The 14-3-3 protein cpsilon isoform 
expressed in reactive astrocytes in demyclinating lesions of multiple sclerosis 
binds to vimentin and glial fibrillary acidic protein in cultured human astrocytes. 
AmJ Pathol 165: 577-592. 

76. Bouamrani A, Ramus C, Gay E, Pclleticr L, Cubizolles M, ct al. (2010) 
Increased phosphorylation of vimentin in noninfiltrativc meningiomas. PLoS 
One 5: c9238. 

77. Eriksson JE, He T, Trejo-Skalli AV, Harmala-Brasken AS, Hellman J, et al. 
(2004) Specific in vivo phosphorylation sites determine the assembly dynamics of 
vimentin intermediate filaments. J Cell Sci 117: 919—932. 

78. Chu S, Xu H, Ferro TJ, Rivera PX (2007) Poly({ADP}-ribose) polymerase-1 
regulates vimentin expression in lung cancer cells. AmJ Physiol Lung Cell Mol 
Physiol 293: LI 127-1 134. 

79. Wang Q, Tolstonog GV, Shocman R, Traub P (2001) Sites of nucleic acid 
binding in type I-IV intermediate filament subunit proteins. Biochemistry 40: 
10342-10349. 

80. Hartig R, Shocman RL, Janctzko A, Tolstonog G, Traub P (1998) DNA- 
mediated transport of the intermediate filament protein vimentin into the 
nucleus of cultured cells. J Cell Sci 1 1 1 ( Pt 24): 3573-3584. 

81. Tolstonog GV, Li G, Shocman RL, Traub P (2005) Interaction in vitro of type 
III intermediate filament proteins with higher order structures of single-stranded 
{DNA}, particularly with G-quadruplex {DNA}. DNA Cell Biol 24: 85-110. 

82. Li G, Tolstonog GV, Traub P (2002) Interaction in vitro of type III intermediate 
filament proteins with triplex {DNA}. DNA CcU Biol 21: 163-188. 

83. Li G, Tolstonog GV, Sabasch M, Traub P (2003) Type III intermediate filament 
proteins interact with four-way junction DNA and facilitate its cleavage by the 
junction-resolving enzyme T7 endonuclcasc I. DNA Cell Biol 22: 261-291. 

84. Tolstonog GV, Mothes E, Shocman RL, Traub P (2001) Isolation of SDS-stablc 
complexes of the intermediate filament protein vimentin with repetitive, mobile, 
nuclear matrix attachment region, and mitochondrial DNA sequence elements 
from cultured mouse and human fibroblasts. DNA Cell Biol 20: 531-554. 

85. Mauldin SK, Getts RC, Liu W, Stamato TD (2002) DNA-PK-dependent 
binding of DNA ends to plasmids containing nuclear matrix attachment region 
{DNA} sequences: evidence for assembly of a repair complex. Nucleic Acids Res 
30: 4075-4087. 

86. FengJH, Park J, Cron P, Hess D, Hemmings BA (2004) Identification of a PKB/ 
Akt hydrophobic motif Ser-473 kinase as DNA-depcndent protein kinase. 
Journal of Biological Chemistry 279: 41189-11196. 

87. Dragoi AM, Fu XY, Ivanov S, Zhang P, Sheng LB, et al. (2005) DNA-PKcs, but 
not TLR9, is required for activation of Akt by CpG-DNA. Embo Journal 24: 
779-789. 

88. Bottcro V, Busuttil V, Loubat A, Magne N, FischelJL, et al. (2001) Activation of 
nuclear factor kappa B through the IKK complex by the topoisomcrase poisons 
SN38 and doxorubicin: A brake to apoptosis in HeLa human carcinoma cells. 
Cancer Research 61: 7785-7791. 

89. Bandyopadhyay D, Mandal M, Adam L, Mendelsohn J, Kumar R (1998) 
Physical interaction between epidermal growth factor receptor and DNA- 
depcndent protein kinase in mammalian cells. Journal of Biological Chemistry 
273: 1568-1573. 

90. Luccro H, Gae D, Taccioli GE (2003) Novel localization of the DNA-PK 
complex in lipid rafts - A putative role in the signal transduction pathway of the 
ionizing radiation response. Journal of Biological Chemistry 278: 22136—22143. 

91. Hsu FM, Zhang S, Chen, B P (2012) Role of DNA-dcpendent protein kinase 
catalytic subunit in cancer development and treatment. Transl Cancer Res 1. 

92. Schwartz RA, Carson CT, Schuberth C, Weitzman MD (2009) Adeno- 
associatcd virus replication induces a DNA damage response coordinated by 
DNA-dependent protein kinase. J Virol 83: 6269-6278. 

93. Cooper A, Garcia M, Pctrovas C, Yamamoto T, Koup RA, et al. (2013) HIV-1 
causes CD4 cell death through DNA-dependent protein kinase during viral 
integration. Nature 498: 376-379. 

94. Koudelka KJ, Destito G, Plummcr EM, Trauger SA, Siuzdak G, et al. (2009) 
Endothelial targeting of cowpca mosaic virus (CPMV) via surface vimentin. 
PLoS Pathog 5: el000417. 

95. Ferguson BJ, Mansur DS, Peters NE, Ren H, Smith GL (2012) DNA-PK is a 
DNA sensor for IRF-3-dcpendcnt innate immunity. Elife 1: c00047. 



PLOS ONE | www.plosone.org 



13 



November 2013 | Volume 8 | Issue 11 | e80313 



